The tissue specificity of the heat-shock response is maize was investigated. The ability to synthesize heat shock proteins (hsp) at 40°C, as well as the intensity and duration of that synthesis, was analyzed in coleoptiles, scutella, green and etiolated leaves, snspensin-cultured cells, germinating pollen grains, and primary root section at different stages of development. One-dimensional sodium dodecyl sulfate gel electrophoresis of extracted proteins revealed that most of the tissues synthesized the typical set of 10 hsp, but that the exact charcterstics of the response depended upon the tissue type. While elongating portions of the primary root exhibited a strong heat shock response, the more mature portions showed a reduced ability to synthesize hsp. Leaves Higher plants have been shown to respond to elevated temperatures by synthesizing a set of hsp3 (1, 5, 11, 18 In this report, the heat-shock response was investigated in a variety of maize tissues, including coleoptiles, scutella, green and etiolated leaves, suspension-cultured cells, germinating pollen gains, and primary roots at different stages of maturity. The ability ofthe tissue to synthesize hsp, as well as the intensity and duration of that synthesis, were analyzed. Also presented is evidence that hsp accumulate only to very low levels in maize.
Illinois, Urbana, Illinois 61801 ABSTRACF The tissue specificity of the heat-shock response is maize was investigated. The ability to synthesize heat shock proteins (hsp) at 40°C, as well as the intensity and duration of that synthesis, was analyzed in coleoptiles, scutella, green and etiolated leaves, snspensin-cultured cells, germinating pollen grains, and primary root section at different stages of development. One-dimensional sodium dodecyl sulfate gel electrophoresis of extracted proteins revealed that most of the tissues synthesized the typical set of 10 hsp, but that the exact charcterstics of the response depended upon the tissue type. While elongating portions of the primary root exhibited a strong heat shock response, the more mature portions showed a reduced ability to synthesize hsp. Leaves, whether green or etiolated, excised or intact, constitutively synthesized a low level of hsp at 25C, and high levels could be induced at 40C. Suspension-cultures of Black Mexican sweet corn synthesized, besides the typical set of hsp, two additional polypeptides. In contrast to all the other tissues, germinating pollen grains could not be induced to synthesize the typical set of hsp but did synthesize two new polypeptides of 92 and 56 kD molecular weight.
The heat shock response was transient for most of the tissues which synthesized the standard set of hsp. Hsp synthesis was detected up to 2 to 3 hours, but not at 10 hours of continuons 40C treatment. The exception was suspension cultured cells, in which hsp synthesis showed only a slight reduction after 10 hours at 40C. Twue-specific differences in the heat-shock response suggest that there are differences in the way a given tissue is able to adapt to high temperature.
We have confirmed the previous sugestion that maize hsp do not accumulate in substantial quantities. Using two-dimensional gel analysis, hsp could be detected by autoradiography but not by sensitive silver staining techniques.
Higher plants have been shown to respond to elevated temperatures by synthesizing a set of hsp3 (1, 5, 11, 18) . With the exception of work by Baszczynski et al. (4, 5) , little has been reported concerning the tissue specificity of the response in plants, i.e. do different tissues of the same plant respond to heat shock in a comparable fashion? Given that the acquisition of thermotolerance is correlated to the synthesis of hsp (15, 18, 22, 25, 26) In this report, the heat-shock response was investigated in a variety of maize tissues, including coleoptiles, scutella, green and etiolated leaves, suspension-cultured cells, germinating pollen gains, and primary roots at different stages of maturity. The ability ofthe tissue to synthesize hsp, as well as the intensity and duration of that synthesis, were analyzed. Also presented is evidence that hsp accumulate only to very low levels in maize.
MATERIALS AND METHODS
Plant Materials and Incubation Conditions. For studies involving roots, coleoptiles, scutella, and leaves, Crow's Hybrid No. 222 corn (Zea mays L., var A632 x C1042) was used. Roots coleoptiles were obtained from 3-d-old seedlings which had been germinated in darkness at 29°C in gla trays on paper towels kept moist with 0.1 mm CaCl2 solution. Scutella were from seeds imbibed for 24 h under similar conditions.
Roots were excised and incubated in the manner previously described (11) . Coleoptiles were separated from the rest of the plant, the 1-mm tip removed, and the 1 cm segment immediately below used for the experiment. The segment was longitudinally sliced in half, with one-half used as the control and the other half as the treatment. Half-segments from five plants were combined as a single sample and incubated in the major and minor salts of MS (27) medium as previously described (1 1). Scutella were isolated by aseptically removing the embryos from the seed and then dissecting out the embryonic axis. The scutella were incubated in pairs in a flask containing 2 ml MS salts. The flasks were shaken at 120 cycles/min in a constant temperature bath. The medium was replaced by 2 ml fresh MS salts at the appropriate temperature prior to addition of radioactive label. Unless otherwise stated, roots, coleoptiles, and scutella were incubated at 28°C for 4 h to allow them to overcome the shock of excision prior to any additional temperature treatment. All Because of its ability to germinate well in vitro (14) , pollen from the maize inbred line Mol7 was selected for the investigation of the heat shock response in pollen. Pollen was collected in the morning from field-grown plants and placed directly into flasks containing a pollen culture medium described by Dickinson (12) , except that the sucrose concentration of the medium was increased to 0.64 M (22% w/v). The flasks were shaken in the dark at 100 cycles/min at 28°C for 2 to 3 h to allow germination and tube elongation. When microscopic examination revealed the pollen tubes to be well-elongated, the experimental treatments began. Pollen density and per cent germination were determined using a hemacytometer.
The percentage of pollen germination was typically low (10-20%). This low level was due in part to osmotic rupture of some grains. This rupture was alleviated to a certain extent by increasing the sucrose concentration from the original recommended concentration of 0.29 to 0.64 M. The low viability can undoubtedly be attributed to the extreme heat and drought experienced in central Illinois during the summer of 1983 when these experiments were conducted. However, the pollen tubes that did emerge in culture grew well, appeared normal, and incorpoated radioactive label.
Because the optimal temperature for hsp synthesis in maize roots has been shown to be 40°C (1 1), this was the temperature used in the present study. For intact plants it was necessary to increase the air temperature of the growth chamber to 45°C in order for the leaf temperature to reach 400C. Leaf temperature was measured by means of a portable laboratory thermometer with a thermocouple probe attachment (Model BAT-4, Bailey Instruments, Inc., Saddle Brook, NJ). The thermocouple probe was inserted into the basal portion ofthe second leaf. Plants were kept well watered throughout the course of the experiment.
In Vivo Labeling and Extraction of Proteins. Root segments were labeled with [35S]methionine (>1000 Ci/mmol; obtained from Amersham) as previously described (11) . Scutella, coleoptiles, and leaf sections were labeled in a manner similar to roots. Following labeling, the medium was removed and the tissue rinsed in ice-cold, 1-mM nonradioactive methionine and then homogenized in the SDS sample buffer described by Laemmli (19 region was then covered with a small cellophane disk to prevent evaporation of label and drying of the leaf tissue. After the labeling period, the abraded regions were cut out with a razor blade, rinsed in nonradioactive ice-cold, 1-mM methionine, and then processed as described above.
For suspension-cultured cells and germinating pollen, [35S] methionine solution was added in a small volume directly to the incubation medium. Following labeling, the suspension-cultured cells were collected on Nytex nylon filters (pore size [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] um), and rinsed in a suction funnel with ice-cold, 1-mM nonradioactive methionine. Pollen was collected on nylon sailcloth (pore size 31 gm) and rinsed in a suction funnel using ice-cold pollen culture medium containing 1-mM nonradioactive methionine. The tissues were processed as above.
The specific incubation and labeling times, as well as amounts oflabel used for each tissue are described in "Results" and figure legends.
Gel Electrophoresis of Proteins. One-dimensional SDS polyacrylamide gel electrophoresis was performed as described by Laemmli (19) regions. The appearance of this 58-kD protein during heat shock was variable in roots and other tissues investigated, and it was sometimes synthesized in low levels by control roots (data not shown).
Comparison of the Heat-Shock Response in Root Tips, Coleoptiles, and Scutelia. Figure 2 shows newly synthesized proteins from root tips (r), coleoptiles (c), and scutella (s) that were either heat shocked at 40°C or maintained at 28°C for 2 to 10 h.
Labeling with [35S]methionine was carried out in the last hour of the incubation. For any given incubation time and temperature, roots and coleoptiles showed similar patterns of synthesis. Hsp synthesis was evident in both roots and coleoptiles after 2 h at 40°C (Fig. 2, lanes B and D) Fig. 2, lanes A, C, E ), yet synthesized a common set of hsp (Fig. 2, lanes B, D, F) . As in roots, the synthesis of hsp in coleoptiles and scutella was apparently transient. Upon prolonged high temperature treatment, the synthesis of standard set of hsp is greatly reduced (Fig. 2, lanes H, J, L) .
Hsp Synthesis in Leaves. Figure 3 illustrates the effects ofheat shock on leaves. Here, excised green leaf section or whole green plants were heat shocked for 3 for 2 h at 25 or 40C and also labeled for 2 h. Green leaves (Fig.  3, lanes C and D) , whether excised or from intact plants, responded to high temper ture by synthesizing a set of hsp that were also found in roots (lane A). Etiolated leaves also responded to heat shock (Fig. 3, far right lane) . The response in leaves also appeared to be transient, because hsp synthesis was very reduced by 10 h of incubation (Fig. 3, lanes H and I) . A unique aspect of the heat-shock response in leaves is that control tissue which had never experienced any high temperatures appeared to synthesize low levels of hsp. This was particularly evident in etiolated leaves in the high mol wt range (Fig. 3 , etiolated leaves, 25C, 2 h) but was also detectable in green leaves. Raising the temperature seems to enhance hsp synthesis, but if the 40°C treatment is prolonged, the synthesis returns to its original low level (Fig. 3, lanes H and I) analyses, such as IEF, and by comparison of partial proteolytic digests. Hsp Synthesis in Suspension Cell Cultures. Figure 4 shows a time course of protein synthesis in control and heat-shocked cultures of Black Mexican sweet corn. Cells were incubated for increasing lengths of time, and the cells were labeled for 30 min prior to homogenization.
The results show that undifferentiated maize cells are capable of synthesizing hsp. However, the response differs from that of other maize tissues in two respects. First, in addition to the conventional set of hsp, two other hsp were synthesized. Also, whereas in other tissues hsp synthesis has largely ceased by 10 h (11, and this report, Figs. 2 and 3) , in cultured cells hsp synthesis was somewhat prolonged. Although synthesis of some of the hsp has declined after 10 h, it is nonetheless still detectable.
It is interesting to note that while overall protein synthesis did decline with time in heat-shocked cells relative to control cells, the viability of the cells remained at approximately 70 to 80% regardless of the type of temperature treatment (data not shown).
Heat-Shock Response in Pollen. Germinating pollen grains
were also tested for their ability to synthesize hsp. In Figure 5 , masked by other proteins with the same mobility. To test this possibility, proteins were separated on two-dimensional gels prior to staining. It is also possible that the hsp may simply be synthesized in amounts too low to be detectable by conventional dye binding techniques. Therefore, proteins on two-dimensional gels were stained using the highly sensitive silver staining procedure (30) . Control and heat-shocked root tips were radioactively labeled for 2 h, and their proteins separated on two-dimensional gels. Figure 6 shows the silver stained gels (A and B) and their corresponding autoradiograms (C and D). The staining and fluorographic patterns for both treatments are very complex. For reference, arrows indicate newly synthesized proteins that are also present on the stained gels at both temperatures.
The synthesis pattern as indicated by the autoradiograms was dramatically altered at 40°C (Fig. 6, C and D) . However, the stained gels appear qualitatively identical (Fig. 6, A and B) . No hsp were detected on the 40°C stained gel even in the lower mol wt range, where the normal protein background is low (Fig. 6B ). Whereas these hsp were very apparent on the autoradiogram of the 40°C gel (Fig. 6D ), they were completely absent from the stained gel. Because silver staining is 100 to 200 times more sensitive than Coomassie blue staining (13) , the results of this experiment suggest that the hsp are synthesized in very low amounts or turn over quickly. We cannot eliminate the possibility that the hsp do not bind silver efficiently (29) , although it seems unlikely that such a large number of proteins, varying in size as well as charge, would all not bind silver. Baszczynski et al. (4, 5) previously reported a heat-shock response in three maize tissues, namely the primary roots, plumules, and leaves of an inbred line. They observed a marked depression in the synthesis of a prominent 93-kD normal polypeptide at 40°C in shoots and leaves (4, 5) . We did not observe this in the present study. However, the synthesis of several lower mol wt proteins was suppressed at 40C in the hybrid 222 (compare Fig. 2, lanes A and C to lanes B and D, and Fig. 3 , lane C to lane E).
From the experiments with root segments, it appears that different regions of the same organ corresponding to different developmental stages, synthesize different levels of hsp. The older, nonelongating regions of the root are not capable of responding to heat shock to the same degree as the younger regions. Although the physiological and developmental significance of these results are not known, it would be interesting if the same conclusions could be drawn about the heat-shock response along the length of an elongating leaf.
Based on one-dimensional gel analysis, leaves appeared to synthesize low levels of hsp under nonheat shock conditions. This could be due to injury of tissue by abrasion or excision. However, constitutive synthesis of hsp has been reported in Drosophila where some hsp are synthesized in the absence of heat shock in developing embryos (15, 31) and larvae (9) . The synthesis of the 70-kD hsp in the absence of heat shock also occurs in early mouse embryos (7) . If hsp do play a thermoprotective role as has been suggested by results from several workers (15, 18, 22, 25, 26) , constitutive synthesis in leaves, but not in other tissues, would be physiologically significant. Leaves are more likely to experience brief periods of temperature increase during the course of a day then underground tissues. Maintenance of a threshold level of hsp might provide sufficient thermoprotection for brief increases in temperature. A dramatic increase in synthesis would be induced when heat stress became severe, as when transpiration was reduced due to low water availability.
The unique characteristics of the heat-shock response in suspension-cultured cells, namely the production of an additional pair ofhsp and the prolonged synthesis ofall the hsp, are probably due to varietal differences rather than to the dedifferentiated state of the cells. Soybean seedlings and cultured cells isolated from the same soybean variety exhibit identical heat-shoQk synthesis patterns (1) . Also, in a survey of the heat-shock response of 13 (24) , the process ofgermination may be under such tight developmental regulation that the only genes that can be expressed are those directly related to that process. Thus, no amount ofenvironmental perturbation will activate the standard heat shock genes. Given the body of evidence supporting the role of hsp in providing thermotolerance, the inability of maize pollen to synthesize hsp might well explain its extreme heat sensitivity (17) .
The apparent lack ofaccumulation ofhsp in maize, along with the transient nature of their synthesis in most tissues, may have important implications in regard to both the regulation of hsp synthesis and the function of hsp. Lindquist et al. (21) have shown that, in Drosophila, hsp may repress the synthesis and decrease the stability of their own mRNA's in an autoregulatory fashion. These authors suggest that this feedback mechanism may come into play when the hsp have accumulated to high enough levels to allow the cell to compensate for the high temperature stress (21) . Perhaps an analogous situation to Drosophila, however more extreme, exists in maize. Very small amounts of hsp may fulfill the requirements for stess compensation, and consequently synthesis occurs only for a short period of time. Experiments are planned which will determine if the heat shock response in maize is indeed autoregulatory in nature. Subcellular localizations of the hsp are now in progress. Hopefully these types ofinvestigations will yield information as to the role of hsp in cellular metabolism of maize at high temperature.
